Conducting hydrogels, consisting of conductive polymer poly(3,4-ethylene dioxythiophene)/poly(styrene-sulfonate) (PEDOT/PSS) entangled in the polyacrylamide (PAAm) network, were synthesized by UV using potassium periodate as photo-sensitizer initiator. Electrochemical properties of conducting hydrogels were evaluated by cyclic voltammetry measurements at room temperature. Electrochemical tests indicated the rectangular shape of voltammograms. In addition, the charge/discharge time obtained was very short. Both are characteristic of capacitive materials. Additionally, the conducting hydrogels presented practically the same electrochemical behavior and coulombic efficiency (η) of around 100% after 1,000 charge/discharge cycles. This shows that from the electrochemical perspective, the redox processes involved are reversible, even after several charge/discharge cycles, which is indicative of a material with excellent electrochemical properties.
Introduction
Due to some common properties of hydrogels such as their non-toxicity and satisfactory biocompatibility, these materials have been intensely applied in the medical and pharmaceutical areas [1] [2] [3] . In recent years, they have received special attention in different technological fields, including biotechnology and nanobiotechnology [4] [5] [6] . Furthermore, hydrogels have also been studied as capacitors [7] [8] [9] [10] [11] . They work as energy storage devices similarly to conventional batteries, but with a larger storage capacity [12] . The growing interest in these devices, particularly for industrial purposes, is spurred by their potential application in electric cars, high energy lasers, video cameras, and mobile telephones [13, 14] . Additionally, conductive polymers (CP) have also been used as capacitors [15] [16] [17] . They are able to store energy by mean of reversible electrochemical reactions known as doping/undoping. Their electrochemical and electrochromic properties as well as their electric conductivity are due to their long polymeric chains with C=C type conjugated double bonds. These conjugations allow the creation of an electron flow under specific conditions. Thus, polymers change from insulators to conductors by means of reversible oxidation and reduction processes of the conjugated π electron system. Recently, the confinement of CP in hydrogels has been extensevily investigated [18] [19] [20] . Capacitors based on inorganic MgSO and PEDOT/PSS 4 or PEDOT/PSS-polypyrrole have been prepared recently [21] . The results show that the systems studied may be used as supercapacitors, reaching specific capacitances of 70 F g -1 . Generally, commercial capacitors have specific capacitances in the order of mF g -1 .
In the present work, the properties of PAAm and PEDOT/PSS hydrogels were evaluated in the view of their application as electroactive capacitor materials. For comparison sake, a symmetrical capacitor with two electrodes made of hydrogel with LiClO 4 as an electrolyte but without PEDOT/PSS was synthesized. Capacitive properties of the hydrogels were characterized by cyclic voltammetry, charge/discharge tests and coulombic efficiency.
Results and Discussion
Electrochemical properties of conducting hydrogels Figure 1 gives the cyclic voltammograms obtained at three different scan rates for the two-electrode capacitors. One can notice that the voltammograms have rectangular shape, a characteristic of capacitive materials, even for extremely high scan rates. One can also observe an increase (close to +1.0 V) and a decrease (close to -1.0 V) in specific capacitance, which must not be attributed to the real system capacitance because in these regions there are redox reactions with the hydrogel water, which leads to a pseudo-capacitance resulting from the water redox process current. Ghosh and Inganas [21] observed a similar behavior for electrodes made up of inorganic hydrogel/PEDOT/PSS. The advantage of the electrodes studied here over those by Ghosh and Inganäs is the better mechanical property of PAAm-PEDOT/PSS hydrogels. To investigate the stability of the conducting hydrogels with possible applications as capacitors, the material was submitted to 1,000 charge/discharge cycles at three different current intensities: 0.01563 mA, 0.125 mA, and 1 mA. Figure 2 shows the charge/discharge potential behavior as a function of the numbers of cycles for two current intensities. In both cases the conducting hydrogel presented nearly the same electrochemical behavior after 1,000 charge/discharge cycles. As the conducting hydrogel presented practically the same behavior for 0.01563 mA, its charge/discharge potential behavior is not presented. This behavior indicates that the hydrogel presents electrochemical reversibility and satisfactory stability; important properties for its application as a capacitor. Figure 3 shows the charge/discharge electrochemical behavior of hydrogel (2.5-1.5-5) submitted to different current values. One can observe that the charge/discharge behaviors are similar for different current. This shows once more that the charge/discharge process occurs through reversible redox reactions [22] . Figure 4 shows the coulombic efficiency (η) of the conducting hydrogel as a function of the applied current. It was calculated as the ratio between the discharge and charge times of the studied capacitor [23, 24] . The conducting hydrogel presented around 100% coulombic efficiency in the 1,000 cycles analyzed. Additionally, it can be seen that η does not depend on the applied current. This shows that from the electrochemical perspective, the redox processes involved are reversible, even after several charge/discharge cycles, which is indicative of a material with good electrochemical properties. Furthermore, a previous work [25] showed that the specific capacitance of the same hydrogel increased for three different current intensities with current density after 1,000 charge/discharge cycles. For example, for applied currents of 0.125 and 1 mA, the specific capacity in the 1,000 cycles was approximately 267.4 ± 3.3 and 827.5 ± 5.8 μF g -1 , respectively. The specific capacitance values remained constant after 1,000 cycles for constant current intensity. Although the specific capacitance values presented by the capacitor prepared in this work were relatively low, in the order of µF, it is noteworthy that the charge/discharge time was very short, and therefore, the material is excellent from the capacitive behavior viewpoint. Others important results (data not given) demonstrated that the value of electronic conductance measured by four-point probe method was 140.2 ± 6.5 (μS cm -1 ). In addition, the same hydrogel presented ionic conductance value of about 15.5 ± 4.3 (μS cm -1 ). Therefore, the electronic conductance is around of 9 times more than ionic conductance.
Conclusions
PAAm-PEDOT/PSS based hydrogel capacitors have been successfully synthesized and electrochemical properties were characterized. Additionally, the material presented a synergism of the characteristics of the individual materials: flexibility and optimal mechanical property, characteristics of polyacrylamide hydrogels, as well as good conductivity and electrochromism, characteristic of conducting polymers. The voltammograms of PAAm and PEDOT/PSS hydrogels are rectangular, a characteristic of conducting polymers, even for extremely high sweep rates. The conducting hydrogel presented a coulombic efficiency (η) of around 100% in 1,000 cycles. The conducting hydrogel presented practically the same electrochemical behavior after 1,000 charge/discharge cycles. The electrochemical tests showed that the conducting hydrogel presents satisfactory stability and electrochemical reversibility. In conclusion, the conducting hydrogels synthesized in this work open new perspectives for technological applications such as capacitors.
Experimental

Synthesis of hydrogel
The hydrogels used in the electrochemical characterization were synthesized by photopolymerization of the AAm (Aldrich, 14,866-0) monomer in aqueous solution containing poly(3,4-ethylene dioxythiophene)/poly(styrene-sulfonate) (PEDOT/PSS) (Baytron-P, Bayer AG, Germany) and N,N'-methylene-bis-acrylamide (MBAAm) (Plusone, 17-1304-02). KIO 4 (Cod 700, Vetec, Brazil) (5.0 µmol L -1 ) was used as a polymerization initiator. After mixing the reagents, the solution was sandwiched between two glass plates (76 x 26 mm) separated by a 1 mm thick spacer. The assembly was exposed to Hg vapor lamp light (λ = 254 -580 nm, 215 W) for 40 min. The notation (A-M-P) was adopted to identify the capacitors, where A is the molar concentration of AAm, M is the concentration of MBAAm (% molar in relation to AAm) and P is the amount of PEDOT/PSS (% v/v). At the end of reaction, the hydrogel was removed from the plaque and immersed in distilled/deionized water to remove the unreacted chemicals, e.g., monomers, catalyst, initiator. The water was renewed every 10 h for 96 h.
Electrochemical properties of conducting hydrogels
The electrochemical behavior of conducting hydrogel (2.5-1.5-5) was studied by cyclic voltammetry at room temperature (~25 ºC). A potentiostat/galvanostat model FAC 200A was used. The potential range studied was from -1.0 V to + 1.0 V. The voltammograms were obtained with scan rates ranging from 0.06 V/s to 10.0 V/s. Capacitor life time simulation experiments were carried out at three different current intensities: 0.01563 mA with E Cut off = 1.0 V, 0.125 mA with E Cut off = 1.4 V, 1.0 mA with E Cut off = 2.4 V. The electrolytic system used in the experiments was made up of the hydrogel (2.5-1.5-0) photopolymerized in the presence of lithium (LiClO ) 4 (Sigma, 205281) at 0.10 mol L -1 . The working electrode (WE) was a totally insulated electrochemical device made up of 2 steel electrodes with circular area of 0.950 cm 2 . As counter-electrode (CE) and reference electrode (RE), Pt and saturated calomel electrodes were used, respectively.
